Abstract. Stathmin 1 (STMN1) is a major cytosolic phosphoprotein regulating microtubule dynamics, thereby playing an important role in cancer progression and resistance to microtubule-binding anticancer agents. We assessed the prognostic significance of STMN1 expression and STMN1-associated resistance to docetaxel and radiation in esophageal squamous cell carcinoma (ESCC) patients. STMN1 expression was evaluated by immunohistochemistry in 172 surgical specimens. The association of STMN1 expression with chemoradiation resistance using docetaxel was examined by comparing expression in 15 biopsy specimens obtained before neoadjuvant therapy to histological grades of post-therapy surgically resected tumors. We also evaluated the effects of STMN1 on sensitivity to docetaxel and radiation in ESCC cell lines. High STMN1 immunoexpression was significantly associated with tumor depth, lymph node metastasis, lymphatic invasion and venous invasion. Survival rates were significantly lower in ESCC patients with high STMN1 expression than in those with low STMN1 expression. Multivariable analysis showed that high STMN1 expression was an independent factor for poor survival. High STMN1 expression was also associated with poor response to neoadjuvant chemoradiotherapy using docetaxel. Knockdown of STMN1 expression enhanced ESCC cell line sensitivity to docetaxel and radiation. STMN1 appears critical for ESCC invasiveness and predicts an unfavorable prognosis in ESCC.
Introduction
Esophageal squamous cell carcinoma (ESCC) is a highly aggressive malignancy with a significant mortality rate (1, 2) . Despite improvements in the surgical management of ESCC and development of useful chemotherapies and chemoradiotherapies (CRTs), the prognosis of patients with advanced disease remains poor (3) (4) (5) . Furthermore, the identification of novel therapeutic targets is essential for individual curative adjuvant or neoadjuvant therapies.
Stathmin 1 (STMN1) is a major cytosolic phosphoprotein that regulates microtubule dynamics by preventing tubulin polymerization and promoting microtubule destabilization (6) . STMN1 is highly expressed in multiple human malignancies and is therefore also known as oncoprotein 18. STMN1 expression correlates with tumor progression and poor prognosis in various cancers (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) including ESCC (18) . These studies indicated that STMN1 is a fundamental cancer-associated gene and a potential target for the diagnosis and treatment of cancers, including ESCC. However, the exact significance of STMN1 in tumor progression and therapeutic resistance has not yet been elucidated in ESCC patients treated with CRT.
The expression of STMN1 is known to be functionally linked to chemosensitivity to microtubule-stabilizing agents such as taxanes, which are widely used anticancer agents. Inhibiting STMN1 expression enhances chemosensitivity to paclitaxel in osteosarcoma cells (19) and ESCCs (20) in vitro, while the overexpression of STMN1 decreases breast cancer cell sensitivity to paclitaxel and vinblastine (7) . In Japan, docetaxel is considered a key drug in ESCC chemotherapy along with cisplatin plus 5-fluorouracil (5-FU) (21, 22 been established as one of the more effective treatments for ESCC (23) and STMN1 was reported to increase the radiation resistance in lung cancer cells (24) . The identification of novel predictive factors for therapeutic responses to docetaxel and radiation is essential for ESCC management because drug resistance leads to poor clinical outcomes. The aim of the present study was to evaluate the prognostic significance of STMN1 expression in ESCC by examining the associations of tumor expression levels with various clinicopathological parameters, particularly 5-year diseasespecific and overall survival. Moreover, we evaluated the role of STMN1 in chemoradiation resistance in biopsied ESCC tissues and ESCC cell lines.
Materials and methods

Patients and samples.
To evaluate the clinicopathological significance of STMN1 in ESCC, surgical specimens were obtained from 172 ESCC patients (158 men and 14 women; 40-83 years old; mean age, 63.4 years) who had undergone potentially curative surgery at the gunma University Department of general Surgical Science between 1997 and 2010. all patients provided written informed consent. None had received radiotherapy or chemotherapy prior to surgery; no patient displayed hematogenic metastases at the time of surgery. The median follow-up period for survivors was 32.6 (0.7-128) months. The pathological features of the specimens were classified based on the 6th edition of the TNM classification of the International Union against Cancer (25) .
For examination of the association of STMN1 expression with chemoresistance to docetaxel in vivo, pretreatment biopsy specimens were obtained from 15 patients (12 men and 3 women; 55-76 years old; mean age, 65.3 years) who had received neoadjuvant CRT, including a docetaxel protocol, followed by tumor resection surgery at the gunma University Department of general Surgical Science between 2005 and 2008. For docetaxel combination CRT, external radiotherapy was delivered by a 2-field technique using a 10-MV photon beam at 2 gy per fraction per day, 5 fractions per week, for a total of 40 gy. Concurrent chemotherapy consisted of 7 mg/m 2 docetaxel intravenously administered for 1 h before radiotherapy on days 1, 8, 15 and 22. Treatment, toxicity, and response evaluation details were previously described (26) .
Immunohistochemistry. prior to the analysis, resected surgical specimens and biopsy specimens were fixed with 10% formaldehyde, embedded in paraffin blocks, cut into 4-µm thick sections and mounted onto glass slides. STMN1 expression was assessed by immunohistochemistry using a standard streptavidin-biotin peroxidase complex method as previously described (27) . Each 4-µm section was then incubated at 4˚C overnight with mouse anti-STMN1 monoclonal antibodies (Santa Cruz biotechnology, Santa Cruz, Ca, USa) diluted 1:50 in phosphate-buffered saline (PbS) containing 1% bovine serum albumin (bSa) and primary mouse anti-Ki-67 monoclonal antibody (clone MIb-1; 1:40 dilution; Dako, glostrup, Denmark). For negative controls, the specific primary antibody was replaced with PbS. Immunolabeling was visualized using the chromogen 3,3'-diaminobenzidine tetrahydrochloride applied as a 0.02% solution containing 0.005% hydrogen peroxide in 50 mM ammonium acetate-citrate acid buffer (pH 6.0). Sections were then lightly counterstained in Mayer's hematoxylin and mounted.
Evaluation of immunostaining.
For assessing STMN1 immunoreactivity, the product of cytoplasmic intensity and quantity was calculated for each section as previously described (28) . The intensity was graded as 0, negative, 1, low, 2, medium, or 3, high, and the quantity as 0, no expression, 1, positivity in <1% of cells, 2, positivity in 1-9%, 3, positivity in 10-50%, or 4, positivity in >50%. The ESCC patients were divided into two groups according to the mean STMN1 immunoreactivity score of the surgical specimens. The labeling index was calculated as the percentage of nuclear-stained cells for each section on the basis of ~1,000 tumor cell nuclei and was counted at the site with the maximum number of positive nuclei in the whole tumor. The ESCC patients were classified as high or low based on the RoC-derived Ki-67 labeling index cut-off value.
Evaluation of therapeutic response to docetaxel combination CRT in surgically resected specimens. The pathological evaluation of surgically resected tumor samples from patients receiving CRT (including docetaxel) was conducted by two experienced pathologists who were blinded to the clinical responses. The histopathological response to neoadjuvant treatment was divided into four grades (0, 1, 2 and 3) according to the guidelines of the Japan Esophageal Society (29) . The pathological viability of the residual tumor cells was assessed as follows: grade 3, histological fibrosis with or without inflammation extending through the different layers of the esophageal wall, but no viable residual tumor cells; grade 2, less than one-third of residual tumor cells were viable; grade 1, more than one-third of residual tumor cells were viable; and grade 0, no therapeutic effect.
Cell lines. Four human ESCC cell lines (TE-1, TE-8, TE-15
and KYSE140) and a non-malignant human esophageal epithelial cell line (HET1a) were used to examine the associations of STMN1 expression level with both docetaxel and radiation sensitivity in vitro. all ESCC cell lines were cultured in RpMI-1640 medium (Sigma-Aldrich, St. Louis, MO, USA) supplemented with 10% fetal bovine serum (FbS) and antibiotics (100 U/ml penicillin and 100 µg/ml streptomycin) and cultured in a humidified 5% Co 2 incubator at 37˚C. These cells were not cross-contaminated with other cell lines by STR-pCR.
siRNA and transfections. an STMN1-specific siRNa (bonac Corp., Kurume, Japan) was mixed with 0.4% lipofectamine RNaiMaX (Invitrogen, Carlsbad, Ca, USa) in 6-well flatbottom microtiter plates and incubated. TE-8 and KYSE140 ESCCs in 2 ml of RPMI-1640 medium were then seeded on microtiter plates and incubated in a humidified 5% Co 2 incubator at 37˚C for 24 h before analysis. Knockdown was confirmed at the protein level by western blot analysis.
Western blot analysis. Total protein was extracted using PRo-PREP protein extraction solution (Intron biotechnology, Inc., Kyungki-Do, Korea). Total protein was separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PagE) using bis-Tris gels and was transferred to membranes. after membranes were blocked with 5% skim milk, STMN1 protein was detected by immunoblotting with anti-STMN1 rabbit polyclonal antibodies (Cell Signaling Technology, Danvers, Ma, USa) and vascular endothelial growth factor a (VEgF) with an anti-VEgF rabbit monoclonal antibody (Abcam, Cambridge, UK) diluted 1:1,000. an anti-HSC70 antibody (1:500; Santa Cruz biotechnology) served as a gel loading control. Specific signals were detected using the ECL prime Western blotting detection system (GE Healthcare, Chicago, Il, USa) and quantified by an ImageQuant laS 4000 instrument (GE Healthcare).
Docetaxel sensitivity assay. The WST-8 test from the Cell Counting kit-8 (CCK-8; Dojindo laboratories, Kumamoto, Japan) was used to evaluate the docetaxel sensitivity of tumor cells. at 48 h after transfection, TE-8 and KYSE140 cells were seeded into 96-well plates at 1x10 4 cells/well in 100 µl of culture medium for 24 h prior to drug exposure. after 24 h of pre-incubation, cells were treated with various concentrations of docetaxel for 24 h. Following drug exposure, 10 µl of WST-8 reagent solution was added to each well, and cells were incubated for an additional 2 h at 37˚C in an incubator. Cell viability was estimated by the optical density values at 450 nm, with the reference wavelength set at 650 nm.
Radiation sensitivity assay. Radiation sensitivity was evaluated by the colony formation assay. TE8 cells (400 cells/well) treated with siRNas were seeded in 6-well plates. after 24 h of pre-incubation, cells were X-irradiated at 0, 2, 4, 6, or 8 gy and incubated at 37˚C for 10 days to form colonies. Cells were fixed and stained with 2% crystal violet in 100% ethanol. Colonies were manually counted. The fraction of cells that survived treatment was calculated relative to non-treated controls.
Statistical analysis. group differences in means and proportions were evaluated using the Student's t-test, the Chi-square test, or repeated-measures aNoVa as appropriate. Kaplan-Meier survival curves were generated, and statistical significance was determined using the log-rank test. Univariate and multivariate survival analyses were conducted using the Cox proportional hazards regression model. all statistical analyses were performed using JMP software (SaS Institute, Inc., Cary, NC, USA).
Results
Association of STMN1 expression with clinicopathological features of ESCC.
The immunoexpression of STMN1 was stronger in the marginal regions of primary ESCCs than in the main tumor or surrounding normal tissues (Fig. 1a and b) . When classified according to the mean STMN1 immunoreactivity score, 75 ESCC samples (43.6%) were defined as having low STMN1 expression (Fig. 1C) , while 97 ESCC samples (56.4%) were defined as having high STMN1 expression (Fig. 1D) .
STMN1 expression in relation to nine patient clinicopathological characteristics is listed in Table I . High STMN1 expression was significantly associated with progression of tumor depth (p=0.001), lymph node metastasis (p=0.007), lymphatic invasion (P<0.001), venous invasion (P<0.001), tumor stage (P<0.001) and proliferation maker Ki-67 labeling index (P= 0.0039).
STMN1 expression and postoperative survival in ESCC
patients. The 5-year disease-specific survival rate was significantly reduced in ESCC patients with high STMN1 expression compared to those with low STMN1 expression (49.5 vs. 73.9%, respectively; P= 0.002; Fig. 1E ). The 5-year overall survival rate was also significantly reduced in ESCC patients with high STMN1 expression compared to those with low STMN1 expression (43.6 vs. 70.2%, respectively; P=0.001; Fig. 1F ). In univariate analysis, high STMN1 expression was a significant prognostic factor for poor survival (P= 0.002; Table II ). Multivariate analysis of the six factors significant in univariate analysis showed that high STMN1 expression was an independent risk factor for poor 5-year disease-specific survival (RR=1.339, 95% CI, 1.016-1.804, P=0.038; Table II) . expression (Fig. 2a) and nine (60.0%) as having high STMN1 expression (Fig. 2b) . The histological response to neoadjuvant CRT as evaluated from the surgically resected specimens was grade 3 in three patients, grade 2 in six patients, and grade 1 in six patients. Examination of the association of STMN1 expression in biopsy samples with histological response of surgically resected specimens revealed that STMN1 expression was negatively associated with the therapeutic efficacy of Table II . Univariate and multivariate analysis of clinicopathological factors affecting 5-year disease-specific survival rate following surgery in 172 patients with ESCC. Table III ). Six patients had T3 stage and 9 had T4 stage before CRT treatment. after treated by preoperative CRT, 6 patients had grade 1 pathological response, 6 had grade 2 and 3 had grade 3.
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Inhibition of STMN1 expression sensitizes ESCCs to docetaxel in vitro.
Several reports have identified STMN1 as a marker for resistance against taxane agents, including in esophageal cancer (7, 19, 20, 30) . To determine whether the silencing of STMN1 can increase sensitivity to docetaxel in vitro, TE-8 and KYSE140 cells were transfected with STMN1-specific siRNa, and sensitivity to docetaxel treatment was determined by cell viability assays. Western blotting confirmed a reduction in STMN1 protein expression by 72 h after transfection (Fig. 3b) . Cells transfected with STMN1 siRNa showed significantly higher sensitivity to docetaxel treatment than untreated control cells and control siRNa-transfected cells (P<0.05; Fig. 3C ). The expression of the therapeutic resistance inducible gene VEgF was also lower in STMN1-suppressed cells than control cells (Fig. 3b) . Moreover, STMN1 knockdown enhanced the radiation sensitivity of TE-8 and KYSE140 cells (Fig. 3D) .
Discussion
High STMN1 expression was strongly associated with ESCC progression and nuclear Ki-67 accumulation and was an independent prognostic factor for reduced survival in our ESCC cohort without preoperative adjuvant therapies. Moreover, high STMN1 expression in pre-treatment biopsy samples was related to reduced preoperative CRT response. In vitro analysis suggested that STMN1 regulates sensitivity to docetaxel and radiation as well as the induction of the CRT-resistance factor vEGF in ESCCs.
Metastasis resulting from tumor invasiveness is the main cause of death in ESCC patients. In the present study, we immunohistochemically examined STMN1 expression and found that STMN1 was significantly associated with tumor depth, lymph node metastasis, lymphatic invasion, and venous invasion. In a previous study, STMN1 was shown to stimulate cell motility through the extracellular matrix in vitro and to increase the metastatic potential of sarcoma in vivo (31) . In addition, Li et al (32) reported that STMN1 promotes epithelial-to-mesenchymal transition by regulating microtubule dynamics. Epithelial-to-mesenchymal transition is thought to be required for the acquisition of metastatic behavior in carcinoma cells, including ESCCs (33) . Moreover, STMN1 expression has been linked to PI3K activity and has been suggested as a marker for the activated PI3K signaling pathway (34) . Therefore, STMN1 may exert oncogenic functions and contribute to tumor invasiveness. The present study is in agreement with these previous reports demonstrating that STMN1 plays an important role in tumor metastasis and can predict poor prognosis. These findings suggest that STMN1 is a target for new anti-metastatic drugs for ESCC.
Radiation sensitivity increased in STMN1-suppressed cells compared to that in control cells. Radiation resistance in cancer cells is regulated by multiple factors, including hypoxia, receptor tyrosine kinase/akt, inflammation, DNa damage repair, adhesion pathway and developmental pathway (35, 36) . among these factors, we focused on the hypoxia-inducible factor 1, α subunit (HIF-1α)/VEgF pathway because Yoshie et al (37) reported that STMN1 knockdown can suppress this radiation resistance pathway and angiogenesis in human endometrial and endothelial cells, but not in cancer cells. In this study, we confirmed the suppression of VEgF by STMN1 knockdown in ESCCs and found positive associations of STMN1 expression with both venous invasion and lymphatic invasion in surgical ESCC samples. These data are consistent with previous results in non-cancerous cells. Therefore, VEgF suppression by STMN1 knockdown may overcome radiation resistance in ESCC. To the best of our knowledge, this study is the first suggesting that STMN1 can be used as a predictive biomarker for the response to docetaxel combination CRT in clinical ESCC samples.
In conclusion, the present study revealed that high STMN1 expression was a significant factor predicting poor prognosis in ESCC patients. Poor outcomes may result from diminished response to docetaxel combination CRT in ESCCs overexpressing STMN1. The assessment of STMN1 expression in pretreatment biopsy specimens may be a novel strategy to predict ESCC aggression and treatment response against CRT. Our results also strongly suggest that STMN1 is a promising molecular target to overcome CRT resistance in ESCC. 
